Abstract. The high-frequency properties of small 3D ferromagnetic elements are investigated by means of micromagnetic simulations. The dynamic susceptibilty spectra associated with two types of submicrometer-size elements: a cylindrical dot with a vortex state and an eye shape particle with a bidomain state are reported. In these confined structures, the spectra reveal a rich variety of modes which are identified.
Introduction
The magnetic properties of micro-and submicrometer-sized objects, are today under great consideration mainly due to their potential applications in high-density storage media, magnetic field sensors, spin electronic devices, and microwave technologies [1] . For these applications, a continuing request for miniaturization and an increase of the operating frequency are the two main challenges. Generally, these 3D magnetic objects present a non uniform magnetic configuration and the analysis of their dynamic behavior is not a trivial task. The purpose of the present paper is to demonstrate the relevance of the full 3D dynamic micromagnetic simulations for probing the high-frequency linear response of small magnetic elements. Two illustrative examples are considered, namely, a cylindrical dot supporting a vortex state and an eye shape particle possessing a bidomain state.
around the equilibrium state. In this paper, this last aspect is considered. In the regime of small amplitude motions, the high-frequency response of magnetic systems δm to a weak magnetic field δh is characterized by the linear dynamic susceptibility tensor χ, such as χ (δm = χ δh). The frequency dependence of the full susceptibility tensor corresponds to the dynamic susceptibility spectra. In recent years, two approaches have been considered for computing the dynamic susceptibility spectra of nonuniform magnetization distributions. Theses approaches are distinguished by solving the Landau-Lifshitz (LL) equation for magnetization motion either in the time domain or in the frequency domain. The former method is based on the direct integration of the LL equation in the presence of a weak uniform temporal excitating field. The time-frequency transform of the response and the excitation gives access to the dynamic susceptibility. This technique was used to compute the high-frequency dynamics of thin films (2D systems) [2] and nano-sized objects (3D systems) [3] . The latter method consists in linearizing the LL equation around the equilibrium magnetization configuration and assuming harmonic time dependences for the weak uniform exciting field δh and for the dynamic magnetization response δm. The dynamic susceptibility response is then deduced by solving a complex dense linear system in the frequency domain. This technique was used to compute the high-frequency response of thin films with nonuniform magnetization [4] and 3D particles of different shapes and sizes [5, 6] . This frequency-domain method is considered in this paper. The results of micromagnetic simulations presented hereafter were computed using the 3D EMicroM and SMicroM codes (see Section). The used material parameters are typical for isotropic Permalloy, namely, M s = 8. 10 5 A/m, A = 1.3 10 −11 J/m, the gyromagnetic ratio γ = 1.76 10 11 s −1 T −1 , and the damping parameter α = 0.025.
Cylindrical particles with a vortex state
It has been clearly stated that the equilibrium magnetic configuration within a soft ferromagnetic cylindrical dot depends on the nature of the magnetic material (mainly through M s and A) and on geometrical properties, the dot radius R and the dot thickness L z . Among the rich variety of nonuniform micromagnetic states, the vortex-like structure appears in dots satisfying L z > Λ and R >> Λ where Λ = 2A/(µ 0 M 2 s ) is the exchange length. Such a vortex structure can be viewed as a curling in-plane magnetic configuration with a central region, the vortex core, in which the magnetization is tilted out of the dot plane ( Fig. 1(a) ). In order to analyze the role played by the dot thickness on the linear magnetic excitations, 3D micromagnetic simulations were performed using a dot radius R = 80 nm and two dot thicknesses L z = 20 nm and L z = 80 nm, respectively [7] . Figure 1(b) represents the x-component of the static magnetization M x in the (x, y) plane for nanodots with L z = 20 nm and L z = 80 nm and at different z positions. The spiral spin arrangement is observed in which M x varies continuously from negative values (blue color) to positive ones (red color) as we turn around the dot center. For the thinnest nanodot, the maps of M x are nearly identical between the lower and upper dot surfaces. As the dot thickness increases, a twist appears between the two opposite surfaces in order to ensure a best flux closure between the end surface magnetic charges. It is worth noting that the vortex core radius depends significantly of the z-coordinate with the smallest values at the dot surfaces. Furthermore, a sizeable radial component of the magnetization exists at the dot surfaces for the thickest nanodots. Figure 2 shows the imaginary part of the computed dynamic susceptibility spectra, in-plane element χ ′′ xx . For the nanodot with thickness L z = 20 nm (Figure 2(a) ), three magnetic excitations, labeled (1), (2) and (3) respectively, are observed. The spatial distribution of resonance modes (color insets) indicates that the lowfrequency resonance peak (resonance frequency f r = 0.94 GHz) arises from the spins localized within the vortex core. The resonance line (2) (f r = 10.2 GHz) results from spin regions with high values of M y or M z (excluding the peripheral zone of nanodots) whereas the resonance line (3) (f r = 12.2 GHz) is due to the excitation of spin areas with high values of M y outside the vortex core. For this dot thickness, the vortex-core resonance frequency can be predicted by an analytical model assuming the invariance of the vortex magnetic configuration along the dot normal (limit of flat nanodots, L z Λ) [8] . It should be underlined that the vortex-core resonance was detected experimentally by means of ferromagnetic resonance measurements and the resonance frequency was found in very good agreement with the computed one [3] .
For a thicker nanodot (L z = 80 nm), a new magnetic excitation, labeled (1 ′ ), appears (f r = 3.6 GHz). The spatial distribution of the resonance modes shows that the resonance lines (1) and (1 ′ ) correspond to vortex core spin excitations. For both modes, a twisted dynamic structure develops between the upper and lower dot surfaces. These modes appear nonuniform along the z-axis, the resonance mode (1 ′ ) being strongly confined near the dot surfaces. The resonance line (1 ′ ) depends strongly on dot thickness and cannot be predicted using the above cited analytical model. The resonance frequencies of modes (2) and (3) 
Eye shape particles with a single domain wall
The second example concerns an elongated particle, denoted eye shape particle. The lateral sizes are 320 nm × 640 nm along the x and y axes, respectively. The particle thickness is 80 nm. In such a particle, a bidomain state including a single domain wall along the elongated direction can be stabilized (Figure 3(a) ). Due to the finite size of the particle, the domain wall exhibits spatial deformations and an evolutive internal structure along the y axis. Figure 3(b) displays the dynamic susceptibility spectra along the three main axes. An high-intensity peak (resonance line (1), f r = 1.6 GHz) is observed for the χ yy element associated to a complicated domain wall mode. A broad resonance peak (resonance line (2), f r = 9.7 GHz) appears in the χ xx spectrum. This line arises from the excitation of an hybrid mode including domain and domain wall area. The resonance line (3) occuring at higher frequency in the χ zz spectrum results from the excitation of mode spreading on the whole particle except the domain wall. A common characteristic is the existence of strongly nonuniform modes within the eye shape particle. This dynamic susceptibility spectra cannot be reproduced by analytical models. 
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Concluding remarks
The high-frequency response of micro-and submicrometer-sized ferromagnetic elements is generally quite complicated. The geometrical confinement induces nonuniform static and dynamic magnetization distributions. In this context, full 3D micromagnetic simulations appear as a powerful tool for computing accurately the dynamic susceptibility spectra and for identifying the structure of the resonant modes. In the future, additional terms could be implemented in the dynamic micromagnetic code in order to take into account the thermal fluctuations and the spin-torque effect.
